Long-lasting forms of synaptic plasticity such as synaptic scaling are critically dependent on 28 transcription. Activity-dependent transcriptional dynamics in neurons, however, have not been 29 fully characterized, because most previous efforts relied on measurement of steady-state 30 mRNAs. Here, we profiled transcriptional dynamics of primary neuronal cultures undergoing 31 network activity shifts using nascent RNA sequencing. We found pervasive transcriptional 32 changes, in which ~45% of expressed genes respond to network activity shifts. Notably, the 33 majority of these genes respond to increases or decreases of network activity uniquely, rather 34 than reciprocally. We further linked the chromatin regulator Retinoic acid induced 1 (RAI1), the 35 Smith-Magenis Syndrome gene, to the specific transcriptional program driven by reduced 36 network activity. Finally, we show that RAI1 is essential for homeostatic synaptic upscaling but 37 not downscaling. These results demonstrate the utility of bona fide transcription profiling to 38 discover mechanisms of activity-dependent chromatin remodeling that underlie normal and 39 pathological synaptic plasticity. 40 41 42 109 transcriptional program specifically elicited by reduced neural activity. RAI1 is a nucleosome 110 5 binding protein (Darvekar et al., 2012; Darvekar et al., 2013) that is consistently expressed in 111 the brain during neurogenesis and throughout adulthood, in both mice and humans (Huang et 112 al., 2016). RAI1 is associated with two human intellectual disability syndromes. RAI1 113 haploinsufficiency leads to Smith-Magenis Syndrome (SMS, MIM: 182290), while duplication of 114 the genomic region containing RAI1 results in Potocki-Lupski syndrome (PTLS, MIM: 610883) 115 (Bi et al., 2004; Girirajan et al., 2005; Potocki et al., 2007; Slager et al., 2003) , Heterozygous 116 and homozygous Rai1-knockout (KO) mice exhibit many of the symptoms of SMS patients 117 including learning deficits, abnormal circadian and social behavior, as well as obesity (Bi et al., 118 2005; Bi et al., 2007; Lacaria et al., 2013 ) (Huang et al., 2018 Huang et al., 2016). Furthermore,
Introduction

43
Proper cognitive development and brain function relies on synaptic plasticity -the ability of 44 synapses to strengthen or weaken in response to sensory or neuromodulatory inputs. Synaptic 45 scaling is one mechanism of plasticity, which buffers potentially destabilizing patterns of network 46 activity (Abbott and Nelson, 2000; Miller and MacKay, 1994; Turrigiano, 2008) . In response to a 47 Following individual gene validation, we characterized genome-wide transcriptional responses 152 to BIC and TTX. Differential gene expression analysis of the Bru-seq data using DESeq2 (Love 1C ). BIC increased transcription of 2,908 genes, whereas TTX did so for 1,820 genes. The 156 magnitude of transcriptional induction is higher in BIC treatment compared to TTX (Fig. 1D ). 9 significant enrichment or depletion of RAI1 occupancy of TTX-or BIC-response genes (Fig. 
229
S6A). Thus, these data indicate that neuronal activity does not influence RAI1's expression level 230 or subcellular localization and that steady-state chromatin occupancy by RAI1 is not selective 231 between BIC or TTX-response genes.
232
To directly test RAI1's role in activity-dependent transcription, we went on to perform Rai1 233 knockdown (KD) in the primary cultures using lentiviral vectors (LV) carrying Rai1or scramble 234 shRNAs (sh-Ctrl). To minimize impact of RAI1 loss on network connectivity, we delivered LV 235 shRNA at DIV14, a time by which functional synapses have formed. Near complete loss of RAI1 236 protein was achieved by 3 days post-LV infection ( Fig. 2A ). Next, we modulated network activity 237 of LV-treated cultures by applying TTX or BIC for four hours. Genome-wide transcription events 238 were assessed by Bru-seq as described above.
239
We initially sought to establish if Rai1-KD alone was sufficient to alter nascent transcription in 240 resting neuronal cultures. DESeq2 analysis revealed that 104 genes were downregulated and 241 18 genes were upregulated by Rai1-KD in the Vehicle-treated condition (p adj <0.05, Fig. 2B, 242 Table S3 ). The greater number of downregulated genes is consistent with previous studies 245 Girirajan et al., 2009; Huang et al., 2016) . A majority of genes altered by Rai1-KD at baseline 246 were either BIC-or TTX-response genes ( Fig. 2C ). Of note, however, BIC-or TTX-response 247 genes were not significantly enriched in RAI1-dependent genes when gene groups were 248 corrected for their expression levels (data not shown).
249
To further characterize the relationship between RAI1 deficiency and BIC-or TTX-response 250 genes, we examined how individual genes behave upon Rai1-KD. We found a clear positive 251 correlation between the normal transcriptional response to TTX and the transcriptional 252 impairment by Rai1-KD at baseline (r=0.53, p=2.2x10 -16 , Spearman rank correlation coefficient, 253 t-test, Fig. 2D , left panel). No correlation was found in BIC-response genes and Rai1-KD ( Fig.   254 2D, right panel). The group of genes that respond reciprocally to TTX and BIC ( Fig. 1E ) showed 255 similar correlation with all TTX-responsive genes (Fig. S6B ). When we removed all DE genes 256 upon Rai1-KD from the plot, the correlation remained significant (r=0.52, p=2.2x10 -16 , Fig. S6C ), 257 suggesting that the correlation was not solely driven by the DE genes. We also analyzed the 258 published mRNA-seq of the Rai1-KO cortices (Huang et al., 2016) and found a similar trend in 259 expression pattern of the TTX-and BIC-response genes (Fig. S6D) . These data indicate that 260 RAI1 deficiency shifts the transcriptional profile towards the TTX-treated state without drug 261 application and that Rai1-KD does not impact transcription of non-reciprocal BIC-responsive 262 genes. 263 264 RAI1 deficiency promotes synaptic upscaling
265
Chronic perturbation of neuronal activity by BIC or TTX is known to induce decreases and 266 increases in synaptic strength, which respectively, underlie homeostatic synaptic downscaling 267 and upscaling (Abbott and Nelson, 2000; Miller and MacKay, 1994; Turrigiano, 2008) . Given
268
that Rai1-KD shifted the nascent transcriptome towards the TTX-like state, we next asked 269 whether Rai1-KD would similarly shift excitatory synapse function towards a state similar to 270 synaptic upscaling. We used sparse transfection of DIV12-14 hippocampal cultures with either 271 Rai1or scrambled shRNA, and recorded miniature excitatory postsynaptic currents (mEPSCs) 272 from transfected pyramidal-like neurons 48 hours later. If Rai1-KD induces synaptic 273 strengthening in a cell-autonomous manner, we would expect to see a rightward shift in the 274 distribution of mEPSC amplitudes as is observed during synaptic upscaling following chronic 275 activity suppression with TTX. Consistent with this idea, we found that expression of two distinct 276 shRNAs targeting Rai1 mRNA each induced a significant increase in baseline mEPSC 277 amplitude (sh-Ctrl vs. sh-Rai1 #1: n = 21-21, p=0.019, sh-Ctrl vs. sh-Rai1 #2: n = 18-19, p = 278 0.0011), without significantly altering mEPSC frequency or decay time ( Fig 3A-D) . Moreover,
279
Rai1-KD induced a clear rightward shift in the cumulative probability distribution of mEPSC 280 amplitudes in a manner that bears a striking similarity to changes in mEPSC distributions 281 following chronic TTX treatment ( Fig. 3E ). An increase in surface expression of AMPA receptors 282 (AMPARs) at synapses is a signature of synaptic upscaling following activity suppression.
283
Consistent with previous observations, surface expression of the GluA1 AMPAR subunit at 284 PSD-95-labeled excitatory synapses is significantly increased following chronic (24 hr) TTX 285 treatment (sh-Ctrl Vehicle vs. TTX: n = 13-12, p = 0.0019, Fig. 3F ). Likewise, we found a similar 286 enhancement of surface GluA1 at synapses following 48 hr Rai1-KD (sh-Ctrl vs. sh-Rai1: n = 6-287 6 p = 0.0065, Fig 3F) . Together, these results suggest that reduced Rai1 expression induces 
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Having uncovered that RAI1 is essential to suppress the TTX-associated transcriptional 293 program under baseline activity conditions (Fig. 2) , we next tested if Rai1-KD has any impact on 294 transcriptional induction and suppression upon TTX and BIC treatments. By calculating fold-295 changes of transcription, we found that Rai1-KD led to a significant impairment of transcriptional 296 response to TTX, while transcriptional response to BIC was slightly weakened only for 297 downregulation (Fig. 4A ). However, in contrast to the 130 genes transcriptionally altered at 298 baseline, DESeq2 gave only 8 genes as DE genes by Rai1-KD post TTX or BIC treatment,
299
indicating that the impact of Rai1-KD is larger in resting neurons compared to drug-treated 300 neurons ( Fig. 4A , Table S3 ).
301
We then sought to determine if the strongly-impaired transcriptional response to TTX ( Fig. 4A) 
302
was due entirely to the TTX-like transcriptional state of Rai1-KD culture at baseline or if RAI1 303 also contributes to the transcriptional response to TTX. Differential gene expression analysis by 304 DESeq2 relies on an arbitrary statistical significance cutoff to report differentially expressed 305 genes. However, the individual gene plot in the baseline condition revealed a global 306 transcriptional trend resulting from small changes in many genes including those that failed to 307 achieve statistical significance ( Fig. 2E and S6B ). To define the impact of RAI1 loss after TTX-308 and BIC-treatment, we therefore employed this individual-gene plot approach. We found that, 
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Taken together, the Bru-seq results led us to conclude that 1) RAI1-deficiency shifts 318 transcriptional profiles towards an activity-suppressed state in the resting network (Fig. 2) , and 319 2) RAI1 is selectively required for the transcriptional response driven by network activity 320 suppression ( Fig. 3 ).
321
We sought to explore biological implications for such small but pervasive deficits in 322 transcriptional response to TTX. We utilized RNA-Enrich, a gene ontology algorithm, in which 323 the entire output of DESeq2 is analyzed, such that the program takes into account statistically-324 weaker changes in gene expression (Kim et al., 2012; Lee et al., 2016) . Surprisingly, although 12 Rai1-KD resulted in the greatest number of DE-genes in the vehicle-treated condition, RNA-
326
Enrich identified many more RAI1-dependent biological processes after TTX treatment than 327 vehicle-or BIC treatments (45 in TTX-, 3 in vehicle-, and 7 in BIC-treated cultures, Fig. 4B ). The 328 p adj values were evidently lower in the post-TTX transcriptome data compared to BIC conditions 329 ( Fig. 4D ). Furthermore, the RAI1-dependent gene ontologies after TTX treatment represent 330 synapse-related processes, whereas those altered in the BIC and Vehicle-treated conditions 331 show fewer ontologies directly relevant to neuronal activity ( Fig. 4B and Table S4 ). The RNA- 
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Our Bru-seq method and analyses have provided novel insights into activity-dependent 364 transcription. We found widespread transcriptional responses to network activity shifts and its 365 high sensitivity in detecting transcriptional downregulation. Furthermore, our data indicate that 366 most dynamically regulated genes altered by hyperactivity or suppression are unique, not 367 reciprocal. (Fig. 1 ). This is particularly interesting given that gene expression studies have 368 tended to focus on bidirectional regulation of target genes (e.g. Arc, Fos, Homer1, Bdnf) 369 (Okuno, 2011) . Our results agree with a nascent proteome study on rat hippocampal neurons, in 
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Our data indicate that RAI1 is as a chromatin regulator that is selectively required for the 
411
How RAI1 functionally interacts with other chromatin regulators with roles in activity-dependent 412 gene expression remains to be resolved.
414
It is noteworthy that the four previously-characterized chromatin regulators in synaptic scaling, Transcription of activity-dependent genes after drug treatments
